Abstract The nature of the membrane currents mediating agonist-induced Ca'+ entry and enhanced nitric oxide (NO) production in endothelial cells is still unclear. Using both perforated-patch and conventional whole-cell clamp technique, we have studied the membrane response associated with histamine stimulation of human vascular endothelial cells.
In perforated-patch experiments, the initial histamine (10 ,umol/L)-induced current reversed close to the K' equilibrium potential and was blocked by tetrabutylammonium ions (TBA, 10 mmol/L). In addition, a TBA-insensitive current that developed slowly in the presence of histamine was recorded. This delayed histamine-induced current reversed close to neutral potential and was inhibited by SK&F 96365 (25 ,umol/L), a putative blocker of receptor-operated Ca2+ channels. Similar histamine effects were observed in conventional whole-cell experiments using pipette solutions with low Ca'+-buffering capacity. Strong buffering of intracellular free Ca 2 suppressed the initial, but not the delayed, current response. The delayed component of histamine-induced current was substantially inhibited by the Cl-chaii.iel blocker N-phenylan-A gonist-induced Ca2' entry is a major determinant of vascular endothelial functions. In particular, the formation of endothelium-derived relaxing factor (EDRF, or nitric oxide [NO] ) is known to be in large part regulated via Ca2' entry.1.2 The nature of the Ca2' entry mechanism(s) activated by receptor agonists such as bradykinin, ATP, and histamine in endothelial cells is still speculative. Activating agonists appear to enhance the plasma membrane permeability for both K' and Ca2+ in endothelial cells.3'4 Agonist-induced increases in endothelial K' conductance, which most likely support Ca2+ entry by increasing the electrochemical gradient,5 7 have been extensively characterized.6 10 However, the pathways and mechanisms underlying the agonist-induced increase in Ca2+ conductance, and thus the regulation of endothelial function, are as yet unclear. Nonselective cation channels have been identified in the plasma membrane of endothelial cells, and an involvement of these cation channels in agonist-induced Ca 2 entry has been suggested. [11] [12] [13] [14] [15] The reported permeability properties of these nonselective cation channels differ Received October 12, 1993 ; accepted April 19, 1994 .
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C 1994 American Heart Association, Inc. thranilic acid (NPA, 100 ,umol/L), and an eightfold change in the Cl-gradient shifted the reversal potential of this current by 30 mV. In Cl--free solutions, histamine induced an SK&F 96365-sensitive NPA-resistant current, which, according to reversal potential measurements in 20 mmol/L extracellular Ca'+, corresponded to a cation conductance with 13-to 25-fold selectivity for Ca 2 over K'. Both SK&F 96365 and TBA strongly suppressed histamine-induced rises in intracellular free Ca2+ and cellular cGMP levels, whereas NPA did not. Our results provide the first demonstration that three distinct ionic conductances contribute to the histamine-induced membrane response of endothelial cells. It is suggested that histamine induces a Cl-conductance that is apparently not involved in Ca2' homeostasis and regulation of NO biosynthesis, while, in parallel, joint activation of a rapidly induced K' permeability and a slowly developing cation permeability mediate Ca2' entry and stimulation of endothe-considerably, and there is divergent evidence regarding the mechanism of channel activation.12,1315 Direct ligand gating15 and second-messenger-mediated modulation of channels12'3 have been suggested. Besides these two principal mechanisms of channel modulation, considerable evidence has recently accumulated for a linkage between agonist-or drug-induced depletion of intracellular Ca21 stores in the endothelium and the activation of a Ca2' entry pathway. [16] [17] [18] Characterization of agonist-induced Ca21 currents in endothelial cells is impeded by the fact that most endothelial preparations lack detectable agonistinduced inward currents or that such currents are minute compared with the large, agonist-evoked K' current.68'9 However, histamine stimulation of endothelial cells from human umbilical vein has been found to result in a sustained membrane current that displays a reversal potential close to 0 mV, ie, a feature consistent with the idea of histamine-activated Ca2' entry through receptor-coupled nonselective cation channels.20 However, the ionic conductances contributing to this histamine response, as well as their role in histamine-induced changes of endothelial functions, have not yet been evaluated in detail. The relatively slow time course of current development following receptor stimulation was interpreted in terms of second-messengermediated activation of ion channels. We have recently reported that both the histamine-induced current and NO production in human endothelial cells can be reversibly inhibited by the Ca2' entry blocker SK&F 96365. 21 In the present study, we have extended the analysis of the histamine-induced endothelial membrane conductances and addressed the question of the functional role of histamine-induced ionic currents. We provide evidence that histamine induces K', Ca2+, and Cl-currents in human endothelial cells and demonstrate the functional significance of both the K+ and the Ca2+ conductance for regulation of endothelial NO production.
Materials and Methods

Cell Culture
Human endothelial cells were isolated and cultured as described previously. 21 
Results
In most endothelial cell preparations studied to date, agonist activation was found to be associated with a dramatic increase in the K' conductance of the cells, whereas membrane currents attributable to agonistactivated Ca2' entry were barely detectable.6819 In contrast, human endothelial cells respond to histamine with a large sustained membrane current, which under physiological ionic conditions clearly reverses more positive than the K' equilibrium potential.20 '21 This histamine-induced current has been interpreted in terms of a nonselective cation conductance, which may provide the basis of stimulated Ca2' entry. However, this hypothesis
has not yet been rigorously tested. Therefore, using both the permeabilized and the conventional whole-cell patch-clamp technique, we have studied histamineinduced changes in endothelial membrane conductances in more detail. Histamine-Induced Membrane Currents Recorded by the Permeabilized-Patch Technique . The initial phase of the histamine-induced response was characterized by a rapid increase in the current recorded at 0 mV. Zero current potential increased transiently during this initial phase of histamine stimulation, and the I-V relation derived from voltageramp protocols revealed that the histamine-induced current reversed close to the expected K' equilibrium potential. After a significant delay (20 to 60 seconds), a slowly developing inward current was observed at -80 mV. This slowly developing current corresponded to a histamine-induced shift of the reversal potential in the positive direction (Fig 1, lower panel) . On washout of histamine, the membrane conductance slowly declined, and an I-V relation fairly consistent with control was obtained within 3 to 4 minutes. As a first step, to reveal the involvement of a Ca2+ conductance in the slowly developing histamine-induced current, we studied the effects of histamine in solutions exclusively containing Ca2' and K' as possible charge-carrying cations; Na+, which may carry a substantial amount of current by permeation through either nonselective cation'4 or anion channels,30 was excluded. Fig 2C) and the delayed response (right graph, corresponding to point 3 in Fig 2C) . Two distinct histamineinduced membrane conductances developing with different time courses are clearly evident from the I-V relation obtained from voltage-ramp protocols 30 seconds and 2 minutes after application of histamine (time points 2 and 3 in Fig 2) . Table) containing different concentrations of Ca 2 chelators. When 0.1 mmol/L EGTA was added, the current responses were similar to those observed in permeabilized-patch recordings (compare Fig 4A with Fig 2C) . However, when higher concentrations of Ca2+ chelators (5 mmol/L EGTA plus 2 mmol/L BAPTA) were included into the pipette solution (with CaCl2 added to give free Ca 2+ concentrations in the 10-to 30-nmol/L range), the initial response, but not the delayed response, to histamine was suppressed (Fig 4B) . These results indicate that the initial histamine-induced current is mediated by intracellular Ca2, whereas the delayed response is not. The mean reversal potential of the histamine-induced current observed with the high-K+ low-Cl-pipette solution containing EGTA plus BAPTA (solution F, Table) was -9±5 mV (n=5). This value may be explained by the opening of ion channels that are permeable for both K' and Ca2+. However, this value does not preclude the contribution of a Cl-current, which in case of perfect Cl-selectivity would be expected to reverse at -24 mV under these conditions.
To test for a possible contribution of Cl-to the observed histamine-induced current, we varied the Clgradient in our experiments and found that the reversal potential of the histamine-induced current was markedly dependent on the Cl-gradient. centration, which is expected to shift the reversal potential of a perfectly Cl--selective current by 52 mV, resulted in a 30-mV shift of the reversal potential of the histamine-induced current. This result clearly indicates a contribution of Cl-to the delayed histamine-induced membrane current in human endothelial cells.
To further test the hypothesis of a histamine-induced Cl-conductance, we tested the Cl-channel blocker NPA for its ability to block the histamine response. This compound was chosen since it has been reported to block Cl-conductance in human endothelial cells.31 As illustrated in Fig SA, 100 ,gmol/L NPA inhibited the histamine-induced current reversibly. The extent of inhibition was similar to that obtained with 25 ,umol/L SK&F 96365 (Fig SB) . Our results indicate that histamine induces a substantial anion conductance that may overlap with the current corresponding to the actual Ca2' entry pathway. This idea was tested by studying the effects of histamine in Cl--free solutions. When all Cl-was replaced by aspartate (solutions C and J, [34] [35] [36] In the present study, we provide evidence that histamine induces three distinct membrane conductances in these cells. The histamineinduced current response comprised transient and sustained responses, each of which exhibited distinctly different I-V relations. Within an initial phase of siii20 to 30 seconds, the current induced by histamine displayed a reversal potential close to the expected K' equilibrium. After prolonged exposure to histamine, the reversal potential of the current shifted slowly toward positive potentials, indicating delayed activation of a second component of current. This slowly developing histamine-induced current was affected by changes in the Clgradient, suggesting the contribution of a histamineinduced anion conductance. Experiments in Cl-free solutions clearly demonstrated the ability of histamine u)
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Histamine-Induced K+ Permeability
The I-V relation observed in resting unstimulated human umbilical vein endothelial cells displayed marked inward rectification, as reported for many other endothelial cell preparations.5'6'8-10,19 Interestingly, in conventional whole-cell experiments, the majority of cells also exhibited some outward rectification that was rarely seen in permeabilized-patch experiments. Outward rectification may result from voltage-dependent activation of K+ channels, such as large-conductance Ca2'-dependent K+ channels, which have been identified in this cell type,13 but other as-yet-unidentified voltage-dependent K+ or anion channels may also be involved. Why this outward rectification is not present in permeabilized-patch recordings is unknown. In permeabilized-patch experiments, histamine elicited a rapid initial current response, exhibiting a reversal potential near -80 mV. This histamine-induced current was conserved in conventional whole-cell clamp experiments when pipette solutions with low Ca2' buffer capacity (up to 0.5 mmol/L EGTA) were used. The rapid response was suppressed by (1) 
Histamine-Induced Cl-Permeability
The most striking membrane response elicited by histamine in human endothelial cells is a slowly rising, long-lasting current that reverses close to 0 mV.6'20 This membrane response is ofparticular interest, since agonistinduced inward currents at the resting potential of the cells (ie, currents that may correspond to Ca2+ entry) have only rarely been observed in most other endothelial cell preparations. Although histamineinduced activation of nonselective cation channels, which are primary candidates for the endothelial Ca2+ entry pathway, may explain the observed membrane response, the contribution of other ionic conductances has not yet been investigated. When permeabilized-patch experiments were conducted in the presence of the K+ channel blocker TBA, the reversal potential of the sustained histamine-induced current shifted slightly to positive potentials (compare Figs 2 and 3B) , indicating some contribution of K'-selective channels to the sustained response. The reversal potentials observed in the presence of TBA or with high intracellular concentrations of Ca'+ chelators were close to the Cl-equilibrium potential; thus, the hypothesis of a histamine-induced Clconductance was tested. A 30-mV shift in the reversal potential was obtained with an eightfold change in the Cl-gradient. For a perfectly Cl--selective conductance, a reversal potential shift of 52 mV would be expected; thus, activation of highly Cl--selective channels as the sole basis of the histamine-induced slow membrane response may be excluded. Our results, however, clearly suggest a partial contribution of Cl-to the observed current. Agonist activation of endothelial Cl-channels has previously been reported,30'37 and an NPA-sensitive Cl-conductance has been identified in human endothelial cells.31 Such Cl-conductance may well be stimulated during histamine activation. Indeed, the Cl-channel blocker NPA inhibited the slow histamine response, which further confirmed the idea that the slow histamine response involves activation of endothelial Cl-channels. Our results, however, do not preclude the possibility that part of the current response is due to stimulated Ca 2 entry. Interestingly, in Cl--containing solutions, both the putative Ca2+ entry blocker SK&F 96365 (25 ,umol opening of an ion channel similar to the latter more selective cation channel. However, the channel described by Yamamoto et al15 was apparently modulated by histamine via a direct mechanism. Such direct agonist regulation is rather inconsistent with the slow onset of the current response observed in the present study. Thus, the ion channel involved in the histamineinduced inward current reported in the present study may be different from the channels identified so far.
In a very recent report, Nilius et a140 suggest that histamine-induced Ca 2+ entry into human endothelial cells involves an ion channel with lower permeability for Ca2+ than for K' and Na+. These authors exclude the possibility of a contribution of Cl-to the histamineinduced current on the basis of observing reversal potentials different from those expected for perfect Clselectivity. However, endothelial Cl-channels have been found to exhibit significant permeability for Na+ (PCI/PNa=5).30 Thus, at a physiological sodium gradient, the current through endothelial Cl-channels is expected to reverse to more positive levels than Ecl--Consequently, the observed shift of reversal potentials to more negative values on removal of extracellular Na+40 may as well be explained by a current that involves endothelial Cl-channels. Moreover, the finding that inhibition of protein kinase C (PKC) evokes a current similar to the one induced by histamine40 may be interpreted in terms of modulation of endothelial Clchannels, since cellular regulation of such channels via PKC has previously been suggested.30 Estimation of a low Ca2+ selectivity by Nilius et a140 may therefore be due to histamine-induced current flow through endothelial Cl-channels that has not been eliminated. The histamine-evoked membrane response was found to be sensitive to the K+ channel blocker TBA, the Clchannel blocker NPA, and the Ca2+ entry blocker SK&F 96365. Whereas TBA preferentially blocked the rapidly activated K+ conductance, both NPA and SK&F 96365 inhibited the slowly developing, sustained component of the histamine response. SK&F 96365 inhibited the current response in Cl--containing as well as Cl--free solutions. On the other hand, NPA exerted its inhibitory effect only when Cl-was present as the charge carrier. These results indicate that NPA blocks a histamine-induced Cl-conductance, whereas SK&F 96365 most likely affects both the anion conductance and the Ca2+ entry pathway. When measuring histamineinduced intracellular Ca2' signals in the endothelial cells, we found that both TBA and SK&F 96365 inhibited the intracellular Ca2' signal, whereas NPA was without any effect up to 100 ,mol/L, ie, at a concentration that clearly inhibited histamine-induced currents. Ca2' entry pathway. In contrast, the K' channel blocker TBA blunted both the initial transient and the sustained intracellular Ca21 signal. Inhibition of the sustained histamine response by TBA is consistent with the idea of a contribution of the agonist-induced K' current to Ca2' entry via membrane hyperpolarization, as previously suggested.5-7 The observed inhibition of the initial intracellular Ca21 transient may be explained by either (1) TBA inhibition of Ca2' release or (2) the existence of a Ca21 permeability that is sensitive to TBA but largely insensitive to SK&F 96365. As to the latter alternative, our results do not support the idea of a Ca21 conductance that is rapidly activated by histamine. However, a possible explanation for TBA inhibition of the initial histamine response might be the existence of a leak Ca21 conductance. Ca2+ entry via a leak pathway is expected to be considerably enhanced by histamine because of the rapidly induced initial membrane hyperpolarization and the consequently enhanced electrochemical gradient, which, in turn, is known to be inhibited by TBA. Indeed, a passive Ca2+ leak pathway that is insensitive to SK&F 96365 has recently been demonstrated in endothelial cells. 48 In an additional set of experiments, we studied the effects of TBA, NPA, and SK&F 96365 on one specific functional response of histamine stimulation, ie, enhanced NO synthesis. NO formation within the cells was monitored by measuring cellular cGMP levels, which are well known to correspond to agonist-induced NO formation in the endothelium.28 The observed changes in cGMP levels were in perfect agreement with the data obtained in experiments measuring [Ca 2+]i. Both TBA and SK&F 96365 blocked the histamine-induced rise in cGMP, whereas NPA was ineffective at least up to 300 ,umol/L. In summary, our results demonstrate that histamine enhances the membrane permeability for K+, Ca2+, and Cl-in human vascular endothelial cells. Evidence is presented for a histamine-induced Ca2+ entry pathway based on a slowly developing cation conductance with moderate selectivity for Ca2+ over K+. The histamineinduced membrane response comprises a rapidly induced membrane current that is primarily carried by K+ and a sustained current that is largely due to an enhanced permeability of the membrane for Ca2' and Cl-. Our results suggest that the histamine-induced Clconductance is not involved in regulation of endothelial NO production, whereas histamine-induced K' and Ca2+ currents together mediate cell activation in terms of stimulated NO synthesis.
